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ABSTRACT 



Aims. Galactic globular clusters harbour binary systems that are detected as faint X-ray sources. These close binaries are thought to 
play an important role in the stability of the clusters by liberating energy and delaying the inevitable core collapse of globular clusters. 
The inventory of close binaries and their identification is therefore essential. 

Methods. We present XMM-Newton observations of two Galactic globular clusters: NGC 2808 and NGC 4372. We use X-ray spectral 
and variability analysis combined with ultra-violet observations made with the XMM-Newton optical monitor and published data from 
the Hubble Space Telescope to identify sources associated with the clusters. We compare the results of our observations with estimates 
from population synthesis models. 

Results. Five sources out of 96 are likely to be related to NGC 2808. Nine sources are found in the field of view of NGC 4372, 
none being located inside its half-mass radius. We find one quiescent neutron star low mass X-ray binary candidate in the core of 
NGC 2808, and propose that the majority of the central sources in NGC 2808 are cataclysmic variables. An estimation leads to 20± 10 
cataclysmic variables with luminosity above 4.25 x 10"" erg s"'. Millisecond pulsars could also be present in the core of NGC 2808, 
and some sources outside the half-mass radius could possibly be linked to the cluster. 

Key words. Galaxy: globular clusters: individual: NGC 2808, NGC 4372 - X-rays: general - Stars: binaries: close 



1. Introduction 

XMM-A^evvfon and Chandra X-ray observatories are currently 
revealing more and more faint X-ray sources in globular clusters 
(GCs) thanks to t heir high sensitivity and h i gh angular resolutiori 
respectively (e.g. IWebb et al.l 120041 120061; ikeinke et al.ll2003bl 
2006). Thirteen bright X-ray sources with Lx > 10^^ erg s~' 
are found in the 152 known Galactic GCs. These are neu- 
tron star low-mas s X-ray binaries (L MXBs) showing type I 
X-ray bursts (e.g. lLewin & Josslll983h . Numerous faint X-ray 
sources with Lx < 10^"*^ erg s"' have been shown to be a va- 
riety of objects, mainly binaries such as LMXBs in quies- 
cence (qLMXBs), cataclysmic variables (CVs), active binaries 
(ABs), or millisecond pulsars (MSPs), the probable progenity 
of LMXBs. These objects have been classified through multi- 
wavelength analysis: qLMXBs are usually identified by their 
soft blackbody-like X-ray spectra (e.g. Gendre et al. 2003a, bj), 
CVs can be confirmed by their blue, variable optical counter- 
part (e.g. lWebb et alj|2004l) . ABs by their main-sequence, vari- 
able optical counterparts (e.g.|^monds et al. 2003), and MSPs 
by their radio counterpart (e.g. lGrindlav et al.ll2001i) . 

It is clear that through mass segregation, heavy objects 
such as binaries are conce ntrated towards the core of GCs 
dLightman & Grindlavll982b . Therefore, we expect the majority 
of X-ray binaries, which are more massive than the mean stel- 
lar ma ss, to be located inside the half-mass radius. Hurley et alj 
(|2007|) showed from simulations that the fraction of primor- 
dial binaries destroyed in the core by a variety of processes is 
balanced by the combination of mass-segregation and creation 
of new binaries in exchange interactions, leading to a marked 
increase of the binary fraction in the central regions. Outside 
the half-mass radius, the primordial binary fraction is well pre- 



served ("Hurle y et al.11200 '7') which could explain the presence of 
close bin aries located outside of th e half-mass radi u s, as a CV 
in M 22 dPietrukowicz et alj|2005l) . iD'Amico et"aLl ( l2002h and 
IColpi et alJ (I2003T also discussed the case of two MSPs out- 
side the half-mass radius of NGC 6752 which could have been 
ejected from the GC through interactions with a central massive 
object. 

From early X-ray observations of GCs, we know that they 
are efficient at producing X-ray binaries in their core compared 
to the field. U sing the eleven known bright LMXBs in GCs 
(now thirteen), IVerbunt & Hu3 ( Il987l) showed that LMXBs in 
GCs are produced dynamically through exchange encounters of 
isolated neutron stars with primordial binaries as opposed to 
the much less probable evolution of a primordial binary into 
an LMXB. Observations also support the fact t hat qLMXBs 
in GCs scale with the c luster encounter rate dGendre et al.l 
l2003at iPooley et alj|2003|), implying that qLMXBs are formed 
through dynamical processes which occur in dense stellar sys- 
tems. Concerning C Vs, following their di scovery in significant 
numbers in 47 Tuc (G rindlay et al.ll200l]) . it has be en pointed 
out followin g population synthesis studies dlvanova et al. 2006; 
Trenti et al. 2007) and from observations (e.g. lWebb et alj|20()4l ; 
Pooley & Hut 2006) that they may be formed in GCs either dy- 
namically or, for a lower fraction, from primordial binaries. 

Neglecting the role of binaries, we know that GC evolution 
leads to a core collapse followed by the GC disruption on a 
timescale shorte r than the mean age of GCs, estimated to be 
11.5 ± 2.6 Gyr dCarrettaet al.ll2000l) . This core collapse must 
have been delayed by an internal energy source to e xplain the 
GC longevi ty, and binaries could play this role (see iHut et al] 
I19921I2003L for a review). In the core, binaries are subject to en- 



2 



Servillat et al.: XMM-Newton observations of NGC 2808 and NGC 4372 



Table 1. Globular cluster parameters from iHarrisI (1 19961 up- 
dated Feb. 2003) 



Parameters 


NGC 2808 


NGC 4372 


Right Ascension (J2000) 


9"12'"02.6' 


12" 25"' 45. 4' 


Declination (J2000) 


-64°51'47" 


-72°39'33" 


Distance [kpc] 


9.6 


5.8 


Core radius, ['] 


0.26 


1.75 


Half mass radius, r/, ['] 


0.76 


3.90 


Tidal radius, r, ['] 


15.55 


34.82 




0.34 


0.45 


Half-mass relaxation time [yr] 


1.35 X 10' 


3.89 X 10' 


Mass^ [Mq] 


1.46 X 10^ 


3.08 X 10"^ 


MetaUicity, [Fe/H] 


-1.15 


-2.09 


' calculated from the relation M/Mq = 3 x 10' 





absolute visual magnitude. 



counters and hard binaries become harder while transfering their 
energy to passing stars. This scenario leads to a global heating 
of the core, and even a small populatio n of close binaries can 
drive the evolution of the entire cluster (iHut et al.|[T992) . Some 
GCs could also contain an intermediate mass black hole (IMBH) 
of ~ 10^ M0 or more in their core to explain the distribution 
of stars in some clusters, and the stability on larg e time scales. 
The p resence of an IMBH was claimed for M 15 dOerssen et alj 
I2OO2L see also Ho et al. 2 003), for Gl in the galaxy M 31 
dGebhardt et"a!]|2002i |2005|) . an d for extragalactic GC s hosting 
an ultra luminous X-ray source (i Maccarone et al.ir2007l) . 

The targets studied in this paper are two very different GCs. 
NGC 2808 is a massive and concentrated cluster NGC 4372 on 
the contrary is less dense with fewer stars, being also a very low 
metallicity cluster Their parameters are listed in Table [1] 

NGC 2808 has akeady been studied in X-rays with the GIS 
instrument on board ASCA ob servatory. Only on e source was 
reported in the GIS catalogue jUeda et al.ll200ll) with a 1.35' 
error circle located at 7.5' from the cluster center. No sources 
were reported duri ng the ROSAT All Sky Survey observations 
jVoges et al.lll999l) . The core of NGC 2808 was also observed 
with the Space Telescope Imaging Spectrograph (STIS) on board 
the Hubble Space Telescope (HST) in 2000 with ultra-violet 
(UV) filters F25QTZ (far-UV band centered at 159 nm) and 
F25CN 270 (near-UV band centered at 270 nm). iDieball et all 
(l2005h looked for white dwarfs (WDs) and CVs in this data. 
They found ~40 WD and ~60 CV candidates in the field of 
view. Two of the CV candidates are variable (UV 222 and 
UV 397), and another has an optical counterpart (UV 170). 
NGC 280 8 has a lso be en observed in detail in the optical, 
and since iHarrisI (Il974t) . it has been known that the horizon- 
tal branch in NGC 2808 is unusual (see also Bedin et al]|2000t 
ICarretta et al.ll2006l) . The main sequence is separated into three 
branches, possibly due to successive rounds of star formation, 
with different helium abundances (Piott o et al. 2007|) . 

In the optical, the colour-magnitude diagram of NGC 4372 
indicates an old clust er (15+4 Gyr), with high reddening, but 
no sp ecial features (Alc aino et al . 1991). Kaluznv & Krzeminski 
(il993h found 19 variable stars, of which one has a light curve 
consistent with an eclipsing CV of period 0.4 days. In the X- 
ray, the ROS AT Observatory, with the HRI instrument, detected 
19 sources (iJohnston et all 1 1996 1 of which 9 fall in our field 
of view. All these sources are located outside of the half-mass 
radius of the cluster, and none are consistent with the variable 
stars detected in the optical. 



2. X-ray observations and data processing 

NGC 2808 was observed on February 1" 2005, for 41.8 kilo- 
seconds (ks) with the three European Photon Imaging Cameras 
(EPIC MOSl, MOS2 and pn) on board the XMM-A^ewfo« ob- 
servatory, in imaging mode, using a full frame window and a 
medium filter. 

The observation of NGC 4372 was performed under the 
same conditions on March 23-24''' 2005, for 29.7 ks, but the 
MOS 1 CCD6 was inoperative (micro-meteorite event on March 
9''' 2005), and the pn data was lost due to technical issues. 

2.1. Data reduction and filtering 

We processed the data using the XMM-Newton Science Analysis 
System v7.0 (SAS). We used the emproc and epproc scripts with 
the most recent calibration data files to reduce the EPIC observa- 
tion data files (ODFs). During this step, bad events mostly due to 
bad rows, edge effects, and cosmic ray events were flagged. We 
filtered the three resulting event lists for event patterns in order to 
maximise the signal-to-noise ratio against non X-ray events. We 
selected only calibrated patterns, i.e. simple and double events 
for pn data and single to quadruple events for MOS data. For 
pn events below 500 eV, we selected only single events because 
in this energy ba nd non X-ray events also affect double events 
(lEhle et al.ll2006l §3.3.7). 

Based on the light curve of single events exceeding 10 keV 
we identified periods of high background, due to soft proton 
flares, and selected good time intervals for the observation. For 
NGC 2808, this operation leads to 38.0, 37.3 and 30.2 ks of 
clean observation for MOSl, MOS2 and pn respectively. For 
NGC 4372, the observation was highly affected by flares and 
only 15.7 ks for MOSl and 17.2 ks for MOS2 remain after fil- 
tering. We note that flaring activity is continuous during the ex- 
posure and events with energy above 2 keV are affected by a 
high noise, even after filtering. 

2.2. Source detection 

The list of events was divided into three energy bands (0.5-1.5, 
1.5-3, and 3-10 keV) to allow us to derive spectral colours. The 
source detection was done for all available data simultaneously 
(MOSl, MOS2 and pn where available). 

We performed the source detection using the script ede- 
tect_chain which first calculates the live time, the vignetting, the 
sensitivity map and the background map for each detector and 
each energy band, and then calls a sliding box algorithm. Finally 
we ran the task emldetect. For each source, the task performs a 
point spread function (PSF) fitting, for all the available detectors 
and for the three bands simultaneously, refines the coordinates, 
and gives the count rates, the hardness ratios, and the maximum 
likelihood (ML) of each source candidate. 

The fluxes were obtained by providing the energy conversion 
factors (ECFs, in units of 10" count cm^ erg ') which allow the 
direct conversion of count rates into fluxes (flux - rate / ECF). 
These factors were calculated in each energy band and for each 
detector by extracting an on-axis source and generating detec- 
tor response files for the source (using rmfgen and arfgen SAS 
tasks). These response files were used to create a fake spec- 
trum corresponding to a common model: a power law spectrum 
with F = 1 .7 (mean spectrum of detected sources) and the ab- 
sorption {Nh) of the cluster For NGC 2808, the absorption of 
1.2 X 10^' c m~^ was calculated from the reddening of optical 
observations dBedin et al.ll2000h with the relation computed by 
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iBurstein & HeilesI (Il978h. Fo r NGC 4372, the reddening esti- 
mated bv lAlcaino et alj ( 1199 lb allows us to determine an absorp- 
tion of 2.8 X 10^' cm~^. Finally, ECFs were calculated by divid- 
ing the count rates of the fake spectrum by the model fluxes. The 
obtained fluxes were then converted to unabsorbed fluxes. This 
method gives a reliable estimation of the ECFs we need for our 
energy bands. To give an idea of the errors on these values, by 
changing the spectral index of the model to F = 2.0, the fluxes 
changed by 1.5%, 2%, and 8%, in the energy bands 0.5-1.5, 1.5- 
3 and 3-10 keV respectively. 

We processed the entire field of view with a spatial binning 
factor of 80, giving images with square pixels of side 4". This 
gives pixels of a similar size to the pn pixel size (4.1" x 4.1"), 
but larger than the MOS pixels (1.1" x 1.1"). The binning is 
sufficiently small to sample the PSF of the two detectors cor- 
rectly, where the pn and MOS PSF FW HM (Full Wid th Half 
Maximum) are 6" and 5" respectively (E hle et al.l l2006, §3.1). 
We used a sliding box of 5 x 5 pixels to detect the sources, and 
selected sources with a ML greater than 10 (4<t detection). 

For NGC 2808, this leads to the detection of 92 sources, all 
of which were visually verified for each detector. Five sources 
fall outside the pn detector, four for MOS 1 and three others for 
MOS2. In the central region of the detectors, along the line of 
sight of the center of the GC, we noted that a source has a com- 
plex form. In this region, the PSF is narrower and better defined 
and the vignetting is the lowest. We therefore reprocessed the 
data with a spatial binning of 40 to get squared pixels of side 2" 
and thus better sample the PSF for MOS detectors. We listed 
from visual inspection eight possible sources, and used the task 
emldetect to simultaneously fit those source candidates. We de- 
tect five additional sources at a minimum of Act (CI to C5) in the 
half mass radius of the cluster, of which 3 fall inside the core ra- 
dius. Three others are detected at 2.5o". We have a total number 
of 96 sources detected above Act. Their properties are listed in 
Table|2] the combined image is presented in Fig.[Tl and a colour 
image, with a zoom of the center, in Fig.|2] 

For NGC 4372, 10 sources were detected. Three sources 
were detected with the MOS2 only, in the region where the 
MOSl CCD6 fell. None of these sources are located inside 
the half mass radius. The X-ray source properties are listed in 
Table [3l and the contour map is presented in Fig. [3] 

3. Ultra-violet observations and data reduction 

Along with the EPIC instruments, the Optical Monitor (OM) on 
board the XMM-A^evvfo« observatory performed three exposures 
of 4000 seconds for both NGC 2808 and NGC 4372 with the 
UVM2 filter, centered at 231 nm in the UV band. For this filter, 
the PSF FWHM is 1.8" and the field of view is approximatively 
16' X 16'. 

The UV data was processed with the SAS task omichain. 
This script removes bad pixels, performs spatial calibration, and 
source detection for each image. For each source, the instru- 
mental magnitude is evaluated from the count rate. Finally the 
resulting images and source lists are merged. We considered a 
significance threshold of 3cr for detected sources. 

For NGC 2808, we detected 598 sources at a Umiting UVM2 
magnitude of 19.3. The region inside the half-mass radius is 
overcrowded and poorly resolved. Approximatively 45 X-ray 
sources fall inside the OM field of view, for which we found 
nine matching UV sources. The properties of the UV counter- 
parts are listed in Table |4] We took into account the X-ray posi- 
tion accuracy of the sources (~ 3.6", 90% error circles) and the 
UV position accuracy (~ 2.0", 90% error circles). We thus kept 
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Fig. 1. Combined image of the XMM-Newton observation of 
NGC 2808. The three centered circles shown represent the core, 
half-mass and tidal radii. The detected sources are plotted with 
their 90% error circles. We used a spatial binning factor of 80 
and the image was smoothed with a Gaussian filter. For this rea- 
son the core appears blurry, a zoom is shown in Fig.|2] 
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Fig. 3. Contour map of the XMM-Newton MOS2 observation 
of NGC 4372. Core and half-mass radii are shown. The detected 
sources are plotted with their 90% error circles and with contours 
at 3, 5 and lOcr. Small circles are XMM-A^evvfo« sources and 
bigger dashed circles are ROSAT so urces with their error circle 
as reported by I Johnston et al.l ( Il996l) . 
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Fig. 2. Top: XMM-Newton observation of NGC 2808. Colours correspond to different energy bands, red: 0.5-1.5 keV, green: 1.5- 
3 keV, blue: 3-10 keV. The field of view is 30' across. The binning factor is 40 and the image was smoothed with a Gaussian filter. 
Bottom: A zoomed combined image of the three detectors is shown on the left and the image on the right shows a reconstruction of 
the core with eight sources (only five are detected at Act, the other three are detected at 2.5cr). The core and the half-mass radii are 
shown. 
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Table 4. List of UV counterparts in the NGC 2808 field of view. 
The X-ray source ID is given with the position of the UV source 
(90% error is 2.0"), the offset position between UV and X-ray 
source, the offset from the cluster center, and the UVM2 magni- 
tude. 



Hasinger et al. 2005 
Lockmon Hole doto 
NGC 2808 data 



ID 


RA2000 


Dec2ooo 


Offset 


Offset 


UVM2 








X-ray 


center 






1 


09" 10"' 49.9' 


-64°48' 15.48" 


1.18" 


8.51' 


18.40 


+ 0.01 


2 


09''ir"28.3' 


-64°50'36.60" 


1.61" 


3.85' 


18.32 


+ 0.01 


17 


09''ir"33.6' 


-64°51'04.32" 


0.54" 


3.17' 


10.95 


±0.01 


22 


09'' 12"' 35. 3' 


-64°53' 19.32" 


2.06" 


3.77' 


18.01 


±0.01 


24 


09''12"'01.7' 


-64°56' 12.84" 


1.69" 


4.46' 


14.80 


±0.01 


29 


09''12'"02.2' 


-64°55' 10.56" 


2.54" 


3.35' 


17.04 


±0.01 


50 


09'' 12'" 02.2' 


-64°55' 10.56" 


2.52" 


4.27' 


18.97 


±0.01 


77 


09''12"'23.5' 


-64°57'11.88" 


1.63" 


5.84' 


18.05 


±0.01 


85 


09'' 12'" 13.7' 


-64°47'52.80" 


1.24" 


4.07' 


17.24 


±0.01 



matching UV sources that have an offset with the X-ray source 
lower than 5.6". The X-ray sources with UV counterparts are all 
located outside the half-mass radius, and are therefore probably 
background or foreground sources. 

We performed a Monte-Carlo simulation to evaluate the 
probability that the superposition of an X-ray source and a UV 
source occured by chance. We excluded the central region in- 
side a radius of 2.4' where the UV sources are not resolved. In 
the remaining area the X-ray and UV sources appeared to be 
uniformly distributed. The simulation leads to 1.1 + 1.1 sources 
aligned fortuitously. We conclude that 8 + 1 of the UV counter- 
parts could be associated with their corresponding X-ray source 
with a probability of 99.9927%. 

For NGC 4372, 272 sources were detected at a limiting 
UVM2 magnitude of 19.6. A bright AO star in the field causes an 
out-of-focus ghost image (smoke ring) and lead to ~ 10 spurious 
detections. Only three X-ray sources fall in the region observed 
by the OM, and none has a UV counterpart. 



4. The X-ray sources in NGC 2808 

4.1. Members of NGC 2808 

Most of the sources detected are background or foreground 
sources, but some of them are members of the cluster. If we 
assume no cosmic variance in the distribution of sources in 
the sky (see ^ Yan g et al.ll2003 l). we can compare our observation 
with one without a GC to determine statistically the number of 
sources belonging to the cluster. We evaluated the number of 
background sources based on observations of the Lockman Hole 
(LH) with XMM-Newton. In this field, centered on the sky po- 
sition RAaooo 10''52'"43 ', Dec20Q o-H57°28'48", the abs orption is 
very low, Nh = 5.7 x 10''' cm"^ (iLockman et al.lll986l) . 

We divided the XMM-Newton field of view into several an- 
nuli to take into account the vignetting, which becomes more im- 
portant towards the edge of the field of view. The annuli are cen- 
tered on the center of the GC, which is also the center of the sen- 
sitivity map of the detectors, and their size was chosen to encir- 
cle at least 5 detected sources, and when possible 20 sources. For 
each annulus, we evaluated the background count rate in several 
15" radius regions without sources assuming a correction for 
the vignetting. A minimum detectable count rate was estimated 
to be equivalent to a ML of 10 above this background count rate. 
We assumed a power law spectrum with F = 1 .7 with the ab- 
sorption of the field of view, and entered the count rates into the 
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Fig. 4. Log(N) - log(S) diagram in the band 0.5-2 keV. S is the 
lir niting flux and N the n umber of sources. The empirical relation 
of lHasinger et al.l (l2005l) is reported for comparison. 



tool WebPIMMSQ v3.9b (lMukailll993l) to determine the mini- 
mum detectable unabsorbed flux of each annulus. In the cen- 
ter, this limiting flux is F0.5-10 keV = 4.1 x 10"'^ erg cm"^ s"', 
and goes up to 6.1 x 10"'^ erg cm"^ s"' in the last annulus. This 
lead to a limiting luminosity of L() 5_io keV - 4.5 x 10-" erg s"' 
for sources in the core of NGC 2808. 

We used the log(N) - log(S) relation derived by 
Hasinger et al.l ( l2005h from a deep observation of the LH in the 
energy band 0.5-2.0 keV. Our estimated minimum detectable 
flux allows us to determine the number of sources expected per 
square degree. We took into account the quadratic sum of two 
errors: an error of 10% on the flux, and an imprecision of 10% 
on the log(N) - log{S) relation. Results are reported in Table |5] 

As a consistency check, we processed a long observation of 
90 ks of the LH that took place on November 27"' 2002. This ob- 
servation used a full frame window and a medium filter as for our 
observations. We performed exactly the same data processing 
that we used for our observations, and plotted the log(N)-log{S ) 
relation for the energy band 0.5-2 keV (see Fig.|4|. We also plot- 
ted the log(N) - logiS ) relation using the sources detected in the 
same band with a correction for the higher absorption in the field 
of view of NGC 2808. The shape of the curves are similar, and 
we can see the flux detection limit in the different fields due to 
exposure time. The logiN) - log(S ) relation is therefore applica- 
ble to our data. 

The results reported in Table |5] indicate that the five sources 
located in the center of the field of view are likely to be related 
to the cluster. The probability of membership if we assume a 
Poisson distribution is 99.9985%. Moreover a possible excess 
of sources appears in the annuli between radii 3.6' and 6.5' 
(4.5 rh to 8 rh). The probability of membership to the cluster is 
96.75%. As we are dealing with low numbers, statistical fluc- 
tuations might explain this excess, but we have nonetheless in- 
cluded these sources in our analysis. 



4.2. Spectral analysis 

We first plotted the hardness ratios obtained during the source 
detection for sources with more than 50 counts and more than 
3 counts in each energy band (Figs.|5]and|6l). We show the tracks 



http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html 
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Table 5. Expected atid detected sources for NGC 2808 field of 
view. 



Annulus 


Expected 


Detected 


(') 


0.5-2 keV 


0.5-2 keV 


- 0.76 


0.30 ± 0.06 


5 


0.76-3.6 


6.27 ± 1.24 


5 


3.6-6.5 


14.31 ± 2.94 


20 


6.5-9 


17.58 ± 3.79 


20 


9-12 


21.99 ±5.88 


20 





-0.5 0.0 0.5 1.0 

HR1 = {Ri,5_3 - Ro.5-1.5) / (R1.5-3 + Ro.5-1.5) 

Fig. 6. Colour-colour diagram of NGC 2808 sources. Same 
comments as for Fig.|5] 

PO: power law with photon indices 3, 2.5, 2, 1.5, 1, 0.5. 

BR: thermal bremsstrahlung with temperatures 1, 5, 10, 15, 20, 

50 keV. 

BB: blackbody spectrum with temperatures 0.1, 0.5, 1, 1.5, 
2keV. 

NSA: neutron star with hydrogen atmosphere, mass 1 .4M0, ra- 
dius 12 km, distance of the cluster and logiT^s) - 5, 6, 6.5, 6.8, 
7. 



Fig. 5. Flux-colour diagram of NGC 2808 sources. For clarity, 
only the 30 brightest sources are enumerated, the flux values for 
all the sources are listed in Table |2] 7? is the count rate for the 
given energy band in keV. A typical error bar is shown at the bot- 
tom right. Black lines represent the following models, assuming 
an absorption of 1.2 x 10^' cm"^: 

NSA: neutron star with hydrogen atmosphere, mass 1 .4Mq, ra- 
dius 12 km, distance of the cluster and log(Tgff) = 5.9, 6, 6.1, 
6.2. 

NSA PO: NSA and a power law with photon index of 1 and 
contribuing 50% of the flux. 



of some spectral models. In Fig.|5] possible qLMXBs are located 
on the left side of the diagram, while very absorbed sources are 
seen on the right side of the diagram. The most luminous and 
absorbed sources have colours that are similar to these of extra- 
galactic objects as discussed in Sect. |6l In Fig. |6] the qLMXB 
candidates should be located at the bottom left, and CVs in the 
middle of the diagram around the power law branch with photon 
indices 1 to 1.5 and the bremsstrahlung branch with temperatures 
10 to 50 keV mbox(e.g. Richman 1996; Baskill et al. 2005). 

For the brightest sources, we extracted and fitted the spec- 
tra. We used an extraction radius of 30" whenever possible, so 
80% of the encircled energy was included. In the crowded re- 
gion the extraction radius was reduced to 8", corresponding to 
50% encircled energy (Ehleetal. 2006, §3.2.1). A correction 
is taken into account in the instrumental response files. We ex- 
tracted a background with the same extraction radius for each 



source in a region without sources on the same CCD, with the 
same vignetting, and when possible at the same distance from 
CCD readout node for pn CCDs. 

We used the task evselect with a binning of 15 eV for MPS 
data and 5 eV for pn data as recommended dLoiseaul l2006l 
§4.9.1). Then for each spectrum we used rmfgen and arfgen to 
generate the instrumental response files for a point source, i.e. 
the redistribution matrix file (RMF) and the ancillary response 
file (ARF). We fitted the data with Xspec vl 1.3.2 (lArnaudI 19961) . 
A binning greater than 20 counts allowed the use of the min- 
imization criterion, but when there were insufficien t counts per 
bin (under 20 per bin), we used the Cash statistic ( Cash|[T979l) 
which provides a goodness-of-fit criterion similar to that ofx^- 

We tried simple models included in Xspec such as a power 
law, a bremsstrahlung, a black body, a Raymond Smith or a 
mekal fit. For very soft s ources we tried a hydrogen atmosphere 
model dZavhn et al.lll99 6), assuming the distance of the GC, a 
mass of 1 .4 Mq and a radius of 12 km for a neutron star. These 
paramet ers correspond to other neutron stars dete cted previously 
in GCs ( Webb & Barretl2007HH"einke et al.l2003al) . When it was 
clear that a simple model was insufficient to fit the data we tried 
composite models. The results of the spectral fitting are provided 
in Tableland are discussed in Sect.|6] We also provide the spec- 
tra of CI and C2 (Figs.|2]and[8]l. 

A global background spectrum was extracted for each EPIC 
camera in order to locate possible features in the background 
that could be present in the source spectra. We selected all re- 
gions without sources by excluding areas of 1' radius around 
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Table 6. Best fitting models to the spectra of sources in the NGC 2808 field of view. The unabsorbed flux is in the 0.5-10 keV 
range [x 10"'"* erg cm"^ s"'] and for possible cluster sources the luminosity is given in the 0.5-lOkeV range [x lO-'^ erg s"']. The 
models tried are a power law (PO), an absorbed power law (APL), a bremsstrahlung (BR), a black body (BB), a Raymond-Smith 
(RS), a mekal (MK) and a neutron star with hydrogen atmosphere (NSA). We used models with one or two components (Comp. 1 
and Comp. 2). The absorption Nh gal [x 10^' cm"^] is frozen to the value of the cluster. Parameter values are photon-index F of PO 
model, temperature kT [keV] of BB, RS and MK models, and logiTgff) [K] of NSA model, and C give the goodness of the fit, 
reported with the number of degrees of freedom (dof). 



Src 


Flux 


A'h gal 


Model 


Nh 


r 


kT 




Model 


r 


kT 


X" 


C 


dof 


ID 


(Lum) 




Comp. 1 










Comp. 2 












CI 


8.6 ± 1.5 


1.2 


PO 


- 


1.56 ±0.14 


- 


- 


- 


- 


- 


- 


37.54 


43 




(9.5 ± 1.7) 


1.2 


BR 




- 


12.28:^''„f 


- 


- 


- 


- 


- 


37.35 


43 


C2 


2.4 ± 0.3 


1.2 


PO 




2.8 ± 0.2 


- 


- 


- 


- 




- 


51.37 


43 




(2.6 ± 0.4) 


1.2 


NSA 


0.98 ± 0.04 


- 


- 


6.016 ±0.017 






- 


- 


56.45 


43 






1.2 


NSA 


0.82 ± 0.40 






5.975 ± 0.027 


PO 


1.56 






38.88 


38 


1 


52.8 ±8.6 


1.2 


PO 




1.31 ±0.05 


— 


— 






— 


143.38 


- 


94 






1.2 


APL 


4.3 ± 1.8 


1.7 ±0.2 






PO 


4.7 ± 1.4 




98.07 




93 


2 


15.4 ± 1.2 


1.2 


PO 




1.9 ±0.1 












48.28 




36 


3 


9.1 ± 1.1 


1.2 


PO 




2.6 ±0.1 












46.36 




36 


5 


17.3±2.7 


1.2 


APL 


35.03+l«-^,' 
49 46+" " 


1.65 ±0.60 












27.17 




20 






1.2 


APL 


1 918+"**' 






PO 


2.0 




15.14 




19 


13 


6.4 ± 0.7 


1.2 


PO 




0.32 ± 0.25 














53.95 


38 






1.2 


APL 




75+'' '''» 

'-^-0.42 






PO 


^■■'-0.6 






41.20 


35 


17 


2.1 ±0.6 


1.2 


PO 




2.1 ±0.3 














28.95 


27 






1.2 


MK 






2.7 ± 1.0 












30.63 


27 


22 


1.1 ±0.6 


1.2 


BB 






0.16 ±0.02 




MK 




76+* 




49.54 


40 




(1.2 ±0.6) 
























24 


0.9 ± 0.2 
(1.0 ±0.2) 


1.2 


RS 






0.40 ± 0.09 












29.62 


27 


25 


0.9 ± 0.2 
(1.0 ±0.2) 


1.2 


BB 






0.17 ±0.09 




MK 




6.19 ±6.1 




18.71 


25 




Energy (keV) 

Fig. 7. Spectrum of CI (NGC 2808) fitted with a power law 
model and the absorption of the cluster 




Energy (keV) 

Fig. 8. Spectrum of C2 (NGC 2808) fitted with a NSA model 
and the absorption of the cluster. The contribution of CI also 
appears as a power law. 



detected sources. We produced the instrumental response files 
for a flat field. Based on this spectrum, we fixed the limits of 
the energy bands we used: 0.4-15 keV for pn events, and 0.2- 
10 keV for MOS events. For all sources we could evaluate the 
flux in the 0.5-10 keV energy band. For MOS, two strong lines 
are observed at 1.5 and 1.75 keV (Al Ka and Si Ka lines). For 
pn, the background spectrum shows a strong line feature around 
1.5 keV (Al Ka fine), fainter lines at 8 and 8. 6 keV (Cu lines), 
and some features at 9.7 and 1 1 keV (as seen in lEhle et alj|2006i 
§3.3.7). 



4.3. Variability analysis 

We performed variability analysis based on the pn data for 
sources with more than 300 pn counts, and for sources with 
a fitted spectrum and more than 100 pn counts. We extracted 
lightcurves for sources and backgrounds (same regions as for 
spectral analysis), adjusting the binning for each source to ob- 
tain a mean of 20 counts per bin after correction. We removed 
the first 12 ks of the observation as this part is affected by flares. 
We corrected the pn events for losses due to e.g. vignetting or 
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Fig. 9. Lightcurve of source 1 (NGC 2808) and corresponding 
good time intervals (GTI) as defined in Sect. 12.11 Start time to is 
February 1" 2005 4:57:28 (MJD 2453402.70657). 

Table 7. Variability analysis of NGC 2808 sources. We give for 
each source the Bin size [s], the Kolmogorov-Smirnov probabil- 
ity of the source lightcurve being differently distributed than the 
background lightcurve (K-S), and the;\f^ with the number of de- 
grees of freedom (dof) for the background subtracted lightcurve 
fitted with a constant. 



ID 


Bin size 


K-S 




dof 


CI 


2400 


0.15 


6.08 


10 


C2 


3000 


0.31 


20.05 


9 


1 


300 


1.05 X 10-* 


120.90 


82 


2 


600 


0.23 


48.71 


39 


3 


600 


0.04 


67.87 


39 


5 


1200 


0.33 


31.90 


21 


13 


2000 


0.86 


23.65 


13 


17 


2400 


0.15 


31.08 


10 



filters with the SAS task Iccorr. The time variability is examined 
with a Kolmogorov-Smirnov test using IDL/Astrolit0 procedure 
kstwo by comparing the source lightcurve to the background 
lightcurve. We also fitted the background subtracted lightcurve 
with a constant value, and calculated the;^'^ of the fit. The results 
are reported in TableQ Only source 1 seems to be variable with a 
significant probability. The lightcurve is presented in Fig. |9] and 
discussed in Sect. 16.61 



5. The X-ray sources in NGC 4372 

iJohnston sVs^\ (1 19961) found 9 sources in NGC 4372 with the 
ROSAT X-ray observatory in an equivalent region of the sky 
covered by our XMM-Newton observation. Two of these sources 
were not detected in our observations (R8 and RIO), and we de- 
tect three additional sources (7, 8 and 9). Three merged sources 
in the ROSAT image (R5, R7 and R8) are clearly resolved into 
two bright sources (1 and 2) and one faint and more diffuse 
source (9), see Fig.|3] 

We could not use a logiN) - logiS ) relation to discuss the 
distribution of sources, as in Sect. 14. 1 1 for NGC 2808, because 
of the low number of sources detected which leads to large error 
bars. Moreover the high background noise due to high flaring 
activity does not allow us to estimate accurately the flux detec- 
tion limit. From the faintest sources detected, this limit is around 
F().5-\o kev ~ 3 + 1 X lO"'"* erg cm"^ s"', which leads to a lim- 
iting luminosity of Lo.5-10 kev ~ lO-'^ erg s"' for a source in the 
core of the cluster From the count rate of the faintest sources de- 
tected by ROSAT in this region, their limiting flux (obtained with 
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-1.0 -0.5 0.0 0.5 1.0 

HR = (Ro.9-2 - Ro.5-0.9) / (Ro.9-2 + Ro.5-0.9) 

Fig. 10. Flux-colour diagram of NGC 4372 sources detected 
with XMM-Newton (crosses, units on the left axis) and ROSAT 
(diamonds, units on the right axis). R is the count rate for the 
given energy band in keV. Typical error bars are shown at the 
bottom left. 

Table 8. Best fitting models to spectra of sources in the 
NGC 4372 field of view. Same as Tabled 



Src 


Flux 




Model 


r 


kT 




dof 


1 


148 ± 10 


2.8 


PO 


4.1 ±0.2 




155.94 


113 






2.8 


BB 




0.14 + 0.01 


153.70 


113 


2 


147 ± 10 


2.8 


PO 


4.1+0.2 




100.40 


79 






2.8 


BB 




0.14 + 0.01 


99.02 


79 



http ://idlastro. gsf c . nasa. go v/ 



WebPIMMS) is Fo.5-10 keV ~ 5 + 2 x lO""* erg cm^^ s"', so we 
expect to detect all ROSAT sources in this region. We note that 
our flux detection limit is comparable to the ROSAT limit, due to 
large cuts after flare filtering and the absence of pn data, but we 
increase the angular resolution and clearly resolve the sources. 

We performed the same analysis as in Sect. 14.21 We carried 
out spectral analysis for two sources with sufficient counts, in the 
same manner as described in Sect. 14.21 The results are reported 
in Table ID 

We compared hardness ratios given bv lJohnston et al.l (Il996h 
to the ones we obtained using the same energy bands. We plotted 
for both ROSAT and XMM-Newton data a flux-colour diagram 
(Fig. [Tot . The two distributions are well correlated within the 
error bars, especially for bright sources, but we note that source 
4 seems harder in our observation. 



6. Discussion 

We discuss here the presence of objects expected in globular 
clusters such as qLMXBs, CVs, MSPs and ABs, adding notes on 
individual sources. We also discuss some background and fore- 
ground sources which present unusual features. 

6.1. Low mass X-ray binaries in quiescence 

For 18 GCs that have been observed deep enough to detect 
all qLMXBs, we plotted the number of qLMXBs against the 
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approxi mate encounte r rate fo r a virialized system (pg^r^), as 
done in iGendre et alj (l2003al) . According to this correlation, 
one would expect 3 + 1 qLMXBs in NGC 2808, and none in 
NGC 4372. 

For NGC 2808 we detect one source consistent with a 
qLMXB (C2, described below). For NGC 4372, a qLMXB 
ha ving the mini mum luminosity of the 21 qLMXBs reported 
by iHeinke et al.l (f2003b) would have been detected. The lack 
of detection is therefore consistent with the prediction of zero 
qLMXB in this cluster. 

NGC 2808 - 02. This source is located in the core radius of 
NGC 2808. It is close t o a bright source (CI, 15") and the PSF 
wmgs are merg ed. From lEhieetal] (l2006l §3.2.1), we estimated 
that 10% of the emission of CI was present in the C2 spectrum. 
We fitted a model composed of 10% of the CI spectrum and a 
hydrogen atmosphere model for a neutron star The parameters 
are given in Table |6] and the spectrum in Fig.|8] The hard emis- 
sion in this spectrum appears to be due to CI. We note that the 
unabsorbed luminosity (2.6 + 0.4 x lO-'^ erg s"' if it belongs to 
the cluster), and the X-ray spectrum of C2 are consistent with 
the qLMXB hypothesis. 

6.2. Cataclysmic variables 

llvanova eta D (120061) . using numerical simulations and taking 
into account different CV formation channels, predict about 
200 CVs for a GC similar to NGC 2808. Of these, only a frac- 
tion can be de t ected in our data. From the empirical function of 
iPoolev & Hut) (120061) derived from fitting the number of bright 
CVs (at luminosities above Lo5_io kev = 4.25 x 10-" erg s"') 
against the specific encounter frequency, we estimate a pop- 
ulation of 20!^^ bright CVs in NGC 2808. Given the X- 
ray unabsorbed luminosity of the core (excluding C2) of 
L().5-io kev = 1.4 X lO"'-' erg s"', we cannot expect more than 30 
bright CVs in this region. 

We detect 4 CV candidates in NGC 2808 with luminosities 
down to Lo.5-iokeV ~ 3.0 X 10^^ erg s"'. A hidden unresolved 
population of fainter CVs may exist in the core of the clus- 
ter, but only the brightest have been detected in our observa- 
tion. In particular, we note that the source CI has a luminos- 
ity (Lo.5-10 keV = 9.5 X 10^^^ erg s"' if it be longs to the cluster ) 
higher than the known luminosities of CVs dVerbunt et alj 19941) . 
and could be composed of several sources. After removing the 
contribution of C2 from the core global spectrum we found a 
spectral photon-index of F = 1 .44 + 0.09, consistent with CV 
emission (e.g. Baskill et al. 2005), and only the brightest MSPs 
emission tBogdanov et al...2005i) . This supports the idea that the 
core emission is due to a majority of CVs. 

In NGC 4372 which is a less massive cluster, the estimation 
leads to less than one bright CV. If CVs are present in the cluster, 
they must be fainter than our limiting luminosity. 

NGC 2808 - C1. Source CI is located in the core ra- 
dius of NGC 2808. This source is hard, and is well fit- 
ted with a power law model or a bremsstrahlung model (see 
Table [6t. These v alues ar e consistent with CV X-ray emis- 
sion (e.g. lRichman 1996; B askill et al.ll2005h . CI also has a UV 
counterpart (UV 222) proposed to be a CV by ' Dieball et alj 
(2005), strengthening this hypothesis. The spectrum is plotted in 
Fig- 13 At 2.0 keV, a feature that at first sight could be an emis- 
sion line is not well fitted with a Gaussian. It is possibly due 



to the fact that CVl emission may be complex emission from 
several sources, as its luminosity is quite high for a single CV. 

NGC 2808 - 03, 04, 05. These sources are located in the half- 
mass radius and the colours indicate that they are likely to be 
CVs (Fig. |6]and|5] and Table |2|. Their luminosity, if they are 
members of the cluster is consistent with this hypothesis. 

6.3. Millisecond pulsars in NGC 2808? 

Some GCs are known to harbour a large population of MSPs. 
In 47 Tuc, which is similar in mass to NGC 2808, a popula- 
tion of ~ 25 MSPs is estimated (IHeinke et al.ll20 05). The bright- 
est MSPs have luminosities around our flux detection limit for 
NGC 2808. However, we note that MSPs, which are hard X-ray 
sources, are difficult to distinguish from CVs at this luminosity 
(Bogdanov et al. 2005). Therefore, our observations are not con- 
straining for the presence of MSPs in NGC 2808. For NGC 4372, 
their flux is too faint to be detected. 

6.4. Other sources possibly linked to NGC 2808 

We detect 5 sources with a hardness ratio below -0.7 in 
the flux-colour diagram presented in Fig. |5j and located 
~ 5 - 6 X r/,[ivcc2808] away. Such sources could explain the pos- 
sible excess of sources found in Sect. l4.1l if some are linked to the 
cluster. There is a high probability that these sources are back- 
ground sources, but if they are linked to the cluster, they could 
have been formed from primordial binaries and remain outside 
of t he half-mass radius ( Hurlev et al. 2007). 

iDempsev et all (Il993h presented a study of 44 RS CVn sys- 
tems (ABs) observed with the ROSAT observatory, and showed 
that their spectra are very soft with most of the emission be- 
low 2 keV. From their spectra (Table |6]l, colours and luminosity, 
sou rces 24 and 41 have sim ilarities with the brightest ABs. 

lEvans & Helherl (|2007|) used a black body model to fit the 
soft excess below 2 keV found in the spectra of some intermedi- 
ate polars, the hard emission of intermediate polars being fitted 
with a mekal model. Sources 22, 25 and 50 have soft spectra 
with a hard tail (Table |6]l, and could therefore be intermediate 
polars. 

Some of the soft sources could also be active stars in the 
foreground. The X-ray flux here is consistent with an estimated 
distance of ~ 100 pc. 

6.5. Looking for an IMBH in NGC 2808 

Following lTYeiitil (|2006|) . NGC 2808 is a good candidate for host- 
ing an IMBH as the ratio rc/r/, is larger than the critical threshold 
of 0.3. This cluster may however not be sufficiently relaxed as 
the a ge is only 7.4 times the half-mass relaxation time (Hurle^ 
l2007h . 

If such an IMBH exists in NGC 2808, it should be located at 
the center of mass of the cluster due to mass segregation. We 
found no evidence for an X-ray source at this position but it 
may be below our detection limit. We assume that the BH is fed 
by intracluster gas with a density of ~ 0.5 cm""* derived from 
iPfahl & Rappaportl(l2001h with NGC 2808 parameters. It should 
be noted, however, that a possible detection of 200 Mq of neu- 
tral hydrogen in the core of NGC 2808 has been reported in the 
literature (Faulkner et al. 1991). If this is confirmed, it implies 
that the gas den sity is underestimated here. In the same way as 
iHo et al.r(l2003l) . if we assume a BH of 1 000 Mq accreting at 
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the full Bondi rate ( Bondill 19521) and an opti cally thick, geomet- 
rically thin disk (IShakura & Svunvaevll973 ^, we found an X-ray 
accretion luminosity five orders of magnitude above our limiting 
luminosity. However, the BH may be radiatively inefficient as 
for opti cally thin advection- dominated a ccretion flow (ADAFs , 
see e.g. iNarayan et al.lll998l) . Following iGrindlav et all (|2001|) . 
our limiting luminosity implies an upper limit of ~ 290 Mq for 
a central IMBH in NGC 2808. 

6.6. Other NGC 2808 sources 

NGC 2808 - 1 . This source is the brightest source in 
the field of view, located 8.5' away from the center of 
NGC 2808. A so urce was previou sly listed in the ASCA 
source catalogue (lUeda etal.l 1200 ll) with a compatible po- 
sition. The unabsorbed flux is lower but consistent with 
our detection (■Fov'^^^kev ~ ^-^ - ^■'^ ^ '"^ 
^™'7 kev = 4.0 + 0.5 x'lO-13 erg cm-^ s-'). 

This source is w ell fitted with th e absorbed power law model 
(APL+PO) used by Mainieri et al] (|2007|) for Seyfert 2 active 
galactic nuclei (AGN) spectra. It is composed of the Galactic ab- 
sorption, an absorbed power law, and an unabsorbed power law 
to model the soft excess below 0.9 keV. The lightcurve plotted in 
Fig.|9]is typical of an AGN, showing sho rt-term low amplitude 
variability (see for instance iGliozzi et al.i r2004). We note that a 
UV counterpart is found in the OM data. These features are all 
consistent with an AGN, but an optical or infrared counterpart is 
needed to confirm the nature of this source. 



NGC 2808 - 5 and 13. These sources show very absorbed 
spect ra, well fitted with the APL+PO model jMainieri et al.l 
|2007|) . These spectra could indicate Seyfert 2 AGN, as for 
source 1. 



NGC 2808 - 17. This source is located 3.2' away from the 
center of NGC 2808. We found a possible optical counterpart, 
HD 79548 at RA2000 9''l^«33.293■^ Deczooo -64°51'03.28". 
This star is an AOV star with magnitudes B - 10.42 and 
V = 10.15. A UV counterpart is observed in the OM data with a 
magnitude of 10.95, consistent with the emission of HD 79548. 
Using the distance and the visual magnitude of Vega, a well 
known AOV star (7.76 pc, V = 0.03), we estimated a distance 
of ~ 800 pc for HD 79548, and derived an X-ray luminosity of 
Lo.5-10 key = 4.9 + 0.9 X lO^"* erg s"'. 

The relation between the X-ray source and HD 79548 
is unclear and it is possible that we observe a background 
source aligned with HD 79548. However, young AOV stars with 
an a ge less than 10^ yr can be such a b right X-ray source 
(e.g. lPease et al.ll2006t[Tout & Pringl^l 19951) . An active star as a 
companio n is also consiste nt with the X -ray emission obtained 
dBriggs & Pye 2003; Golub et al.llT983l) . Optical spectroscopic 
observations of this source could help to determine the nature of 
this object. 

6.7. Peculiar NGC 4372 sources 

As the sources are distant from the core of the GC, they are more 
likely to be background sources. 

NGC 4372 - 1 and 2. These two soft sources appear to have 
similar parameters (Table [8]l. They are around 12' away from 
the center of NGC 4372, and are 2' away from each other Their 



spectra show a soft excess between 0.5 and 0.9 keV, possibly due 
to reprocessed emission of an absorbed AGN. 

NGC 4372 - 4. This source appears to be harder than the 
source R13 detected previously with ROSAT at the same loca- 
tion (within the error circles). With ROSAT, the photon-index 
corresponding to the hardness ratio is ~ 2, and for our observa- 
tion, it goes down to ~ 0.5, if we assume the same absorption. If 
we assume the same photon-index for the two observations, then 
the absorption has doubled. 

NGC 4372 - 7 8 an d R1 0. In the contour map published by 
iJohnston et al.l (Il996l) . we can see some unresolved features at 
the positions of sources 7 and 8. We can estimate that their fluxes 
(Table[3ll have increased by a factor 12 and 4 for sources 7 and 8 
respectively. ROSAT source RIO is not detected in our data. As 
we should have detected all ROSAT sources, it may have varied 
between the two observations by a factor 2 to become fainter 
than our limiting flux. 



7. Conclusions 

We have presented XMM-Newton observations of the globular 
clusters NGC 2808 and NGC 4372. 

For NGC 2808, we have shown that the five central sources 
are likely to be linked to the cluster One of these is very likely to 
be a qLMXB, and the emission of the remaining central sources 
is consistent with 20+10 bright CVs (at luminosities above 
Lo.5-10 keV - 4.25 X 10-" erg s"'), of which 4 are detected in our 
data. A summary of these sources is presented in Table |9] We 
expect to resolve mo re objects in the core of NGC 2808 in our 
Chandra observation (IServillat et al.ll2008l) . 

For NGC 4372, we detect no sources in the half-mass ra- 
dius, but the limiting luminosity of our observations is not con- 
straining, in particular for a possible population of faint CVs. We 
compared our sources outside the half-mass radius to previously 
detected sources with ROSAT in the field of view, and found a 
very good correlation for most of the sources. 
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Table 2. NGC 2808 X-ray source properties. The columns contain the ID of the source, the position (RA2000 and Dec2ooo) with the error, the rate 
[x 10"^ count s '], the flux converted with ECFs in band 0.5-10 keV [x 10 erg cm"^ s '] and the hardness ratios (HR). The HR for two energy 
band SI and B2 are defined by HR = (B2 - B1)/(S1 + B2), HRl for 0.5-1.5 and 1.5-3 keV energy bands, HRl for 1.5-3 and 3-10 keV energy 
bands. 



ID 


RA2000 


Dec2ooo 


Error 


Rate 


Flux 


HRl 


HRl 


CI 


9"12'"04.33' 


-64°51 '49.09" 


3.47" 


29.1+5.8 


9.1 ±4.2 


-0.29 


0.07 


C2 


9''12"'01.65'' 


-64°51'51.58" 


3.07" 


18.5 ±4.4 


2.5 ± 1.5 


-0.96 


-1.00 


C3 


9''12'"00.58" 


-64°52'00.14" 


3.43" 


10.4 ± 2.4 


3.0 ± 1.8 


-0.18 


0.20 


C4 


9''12'"03.85* 


-64°52'04.50" 


4.47" 


7.9 + 2.3 


2.9 ± 1.9 


-0.23 


-0.20 


C5 


9''11"'59.27'' 


-64°51 '46.74" 


4.47" 


5.9 ± 1.8 


2.7 ± 1.6 


0.33 


0.08 


1 


9''10'"49.68" 


-64°48'15.73" 


2.73" 


223.9 ±5.1 


71.4 ±4.2 


-0.07 


-0.04 


2 


9''11'"28.05" 


-64°50'37.34" 


2.73" 


72.8 ± 2.3 


17.0 ± 1.5 


-0.28 


-0.26 


3 


9'' 11 "'18.94' 


-64°51 '00.39" 


2.73" 


58.2 ±2.1 


9.7 ± 1.0 


-0.54 


-0.36 


5 


9'n2'"56.89" 


-64°52'28.86" 


2.75" 


48.7 ± 2.9 


30.1 ±4.3 


0.78 


0.46 


6 


9''13'"01.41* 


-64°52' 17.62" 


2.78" 


17.9 ± 1.2 


3.7 ± 0.8 


-0.27 


-0.53 


7 


9'"12'"18.36' 


-64°48'41.90" 


2.77" 


15.7 ± 1.1 


3.1 ±0.6 


-0.41 


-0.37 


8 


9''13"41.37" 


-64°44'30.49" 


2.79" 


38.7 ± 2.9 


9.4 ± 2.2 


-0.31 


-0.24 


9 


9''12'"49.16* 


-64°44'49.84" 


2.80" 


20.9 ± 1.6 


6.1 ± 1.3 


-0.33 


0.04 


10 


9''13"27.75' 


-64°43'20.61" 


2.79" 


39.3 ±2.9 


14.5 ±2.7 


0.01 


0.07 


11 


9''12"25.55'' 


-65°01'03.40" 


2.81" 


20.9 ± 1.7 


2.0 ± 0.5 


-0.85 


-0.77 


12 


9''11"37.75'' 


_64°44'04.26" 


2.80" 


18.5 ± 1.6 


4.6 ± 1.2 


-0.27 


-0.19 


13 


9''11'"26.44" 


-64°53' 15.84" 


2.80" 


10.7 ± 0.9 


5.4 ± 1.0 


0.48 


0.13 


14 


9''12'"49.98' 


-64°56' 13.02" 


2.79" 


11.2± 1.0 


3.4 ± 0.8 


0.09 


-0.23 


15 


9''12"51.95'' 


-65°02' 12.43" 


2.81" 


19.3 ± 1.8 


5.3 ± 1.4 


-0.16 


-0.17 


16 


9''13'"37.17" 


-64°52'01.33" 


2.83" 


17.0 ± 1.6 


6.6 ± 1.5 


0.08 


0.12 


17 


9''11"'33.49* 


-64°51'04.13" 


2.82" 


8.4 ± 0.8 


1.6 ±0.5 


-0.51 


-0.33 


18 


9''13'"01.98'' 


-64°44'56.08" 


2.90" 


13.6 ± 1.6 


4.9 ± 1.4 


-0.01 


-0.07 


19 


9H0'"57.78" 


-64°49'36.80" 


2.85" 


16.4 ± 1.9 


4.0 ± 1.1 


-0.35 


-0.14 


20 


9''13'"28.80* 


-64°59'18.90" 


2.85" 


12.4 ± 1.5 


1.9 ±0.9 


-0.90 


-0.07 


21 


9''12'"42.59'' 


-65°01'25.98" 


2.83" 


16.3 ± 1.6 


5.3 ± 1.4 


-0.26 


0.13 


22 


9'n2"35.07* 


-64°53' 17.99" 


2.86" 


6.8 ± 0.7 


1.2 ±0.4 


-0.65 


-0.25 


23 


9''12'"36.92* 


-64°45'45.28" 


2.90" 


9.8 ± 1.1 


3.1 ±0.9 


-0.38 


0.15 


24 


9'"12'"01.49' 


-64°56' 14.25" 


2.85" 


5.8 ±0.7 


0.9 ± 0.4 


-0.99 


-0.38 


25 


9''11'"28.92* 


-64°55'23.47" 


2.85" 


6.4 ± 0.8 


0.9 ± 0.4 


-0.67 


-0.61 


26 


9''12"'26.97* 


-64°48'49.42" 


2.88" 


6.6 ± 0.8 


1.3 ±0.5 


-0.39 


-0.28 


27 


9'"13'"23.49' 


-64°51 '04.73" 


2.87" 


9.8 ± 1.2 


2.8 ± 1.0 


-0.60 


0.34 


28 


9*11'"57.53'' 


-65°02'53.79" 


2.94" 


9.7 ± 1.3 


1.8 ±0.9 


-0.52 


-0.17 


29 


9''12'"02.18'' 


-64°55'08.08" 


2.87" 


5.8 ±0.7 


1.6 ±0.5 


-0.43 


0.07 


30 


9''11'"06.52" 


-65°01'56.63" 


2.89" 


10.0 ± 1.4 


3.0 ± 1.2 


0.17 


-0.39 


31 


9'' 13"* 12.59* 


-64°52'57.75" 


2.91" 


5.9 + 0.8 


1.1 ±0.6 


-0.31 


-0.68 


32 


9''09'"55.01' 


-64°51'10.46" 


3.03" 


15.8 ±2.5 


3.9 ± 2.0 


-0.40 


-0.24 


33 


9''10'"42.43" 


-64°58'00.14" 


2.98" 


10.4 ± 1.6 


2.9 ± 1.2 


-0.10 


-0.30 


34 


9''11'"37.72* 


-64°46'02.15" 


2.99" 


6.8 + 0.9 


1.6 ±0.7 


-0.15 


-0.39 


35 


9''10"'26.42'' 


-64°55'29.70" 


2.94" 


10.1 ± 1.4 


4.0 ± 1.5 


-0.31 


0.13 


36 




-64°44'34.46" 


3.03" 


7.3 ± 1.1 


2.3 ± 1.0 


-0.11 


0.08 


37 


9''12'"33.26* 


-64°50'28.09" 


2.93" 


4.9 ± 0.7 


2.2 ± 0.7 


0.11 


0.06 


38 


9''11'"17.38' 


_64°46'54.15" 


2.90" 


9.0 ± 1.4 


2.3 ± 1.0 


-0.34 


0.00 


39 


9''10"27.64* 


-65°00'59.56" 


3.03" 


11.6 ± 1.9 


3.6 ± 1.9 


-0.13 


-0.20 


40 


9''12'"54.61* 


-64°41'00.71" 


3.17" 


12.7 ± 2.0 


3.6 ± 1.7 


0.07 


0.07 


41 


9''12"34.56' 


-64°53'47.62" 


2.98" 


3.3 ±0.5 


0.4 ± 0.2 


-0.95 


-0.34 


42 


9''13'"49.91'' 


-64°44'30.75" 


3.20" 


9.2 ± 1.8 


2.2 ± 1.4 


-0.90 


0.63 


43 


9''12"'09.20' 


-65°00'14.31" 


3.06" 


5.6 ±0.9 


2.5 ± 0.9 


-0.28 


0.17 


44 


9''12"10.38" 


-64°42'45.63" 


2.96" 


6.6+1.0 


1.2 ±0.6 


-0.61 


-0.61 


45 


9'" 11 "34.52* 


-64°55'58.33" 


2.95" 


4.6 + 0.7 


0.8 ± 0.4 


-0.07 


-0.72 


46 


9''12"'26.58'' 


-64°52'57.28" 


2.91" 


3.6 ± 0.6 


0.8 ± 0.4 


-0.41 


-0.09 


47 


9''11'" 11.98* 


-64°55'04.46" 


2.95" 


5.4 ±0.8 


1.1 ±0.6 


0.11 


-0.74 


48 


9''13"'37.18* 


-64°59'23.29" 


3.01" 


9.7 + 1.6 


3.6 ± 1.5 


-0.46 


0.40 


49 


9''10'"43.80* 


-64°57'21.68" 


3.10" 


6.4 ± 1.1 


0.9 ± 0.6 


-0.43 


-0.73 


50 


9''12'"39.39* 


-64°53'30.91" 


3.13" 


3.2 ±0.6 


0.6 ± 0.4 


-0.74 


-0.28 


51 


9''11'"19.71* 


-65°01'39.27" 


3.18" 


6.2 ± 1.2 


2.0 ± 1.2 


0.11 


-0.08 
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Table 2. continued. 



ID 






Error 


Rate 


Flux 


HRl 


HRl 


52 


9" 10™ 10. 14^ 


_64°49'32 70" 


3.36" 


9.9 + 1.9 


3.4 + 1.8 


-0.37 


0.24 


53 


g/i J J '"27 99^ 


_64°45'16 78" 


3.10" 


5.1 + 1.1 


2.5 + 1.1 


-0.15 


0.35 


54 


9'M3'"48 16' 


-64°49'13 83" 


3.33" 


5.8 + 1.5 


1.7 + 1.1 


0.09 


-0.44 


55 




-64°53'04 38" 


3.01" 


4.6 ± 0.8 


1.4 ± 0.8 


-0.25 


-0.34 


56 


9''12'"44.02* 


-64°57'45 26" 


3.17" 


4.0 + 0.8 


1.1 + 0.6 


0.04 


-0.36 


57 


9''11"'31.38' 


-64°40'31 48" 


3.20" 


7.6 + 1.6 


2.8 + 1.6 


-0.10 


-0.12 


58 


n/iinmnz: i as 

y J- vy \J\J , 1- ^ 


_64°42'24 1 1 " 


3.12" 


11.0 ± 2.6 


6.0 ± 2.4 


-0.50 


0.36 


59 


^ J- J- 


-64°5ri3 89" 


3.13" 


3.3 ± 0.7 


1.4 ± 0.6 


0.47 


-0.27 


60 


9''11'"13.27'' 


_64°44'01.37" 


3.22" 


6.1 + 1.2 


2.0 + 1.1 


-0.40 


0.30 


61 


9''11'"54.16* 


-65°02'07 50" 


3.09" 


4.6 ± 1.0 


1.9 + 0.9 


0.46 


-0.36 


62 


9''12'"51.81* 


-64°52'10 04" 


3.24" 


2.6 ± 0.6 


0.6 ± 0.5 


0.30 


-0.41 


63 


V J- ^ »y / • -i- 


-64°49'07 89" 


3.30" 


3.2 + 0.8 


1.7 + 1.0 


-0.43 


-0.50 


64 


y A- ^ v_/ / » X vy 


-64°38'42.62" 


3.86" 


8.1 ± 2.2 


5.1 + 2.1 


-0.12 


0.24 


65 


9''14'"07.11* 


-64°56'07 10" 


3.57" 


3.7 ± 0.8 


1.4 ± 0.9 


-0.77 


-0.29 


66 


9''11'"37.9P 


-64°48'56 44" 


3.16" 


2.8 + 0.6 


0.7 + 0.4 


-0.81 


0.50 


67 


9''12™42.29'' 


-64°50'33 76" 


3.10" 


2.3 + 0.5 


1.0 + 0.5 


0.01 


-0.30 


68 


q/j 1 3m 1 2 00' 

^ J. »_/ J. ^ « V7 \_/ 


-64°49'12 30" 


3.28" 


3.6 + 0.8 


0.8 + 0.6 


-0.37 


-0.02 


69 


9''10'"59 37-' 


-64°47'32 51" 


3.20" 


3.6 ± 0.9 


0.7 ± 0.5 


-0.17 


-0.66 


70 


9''10'"53 55* 


-65°0r35 59" 


3.12" 


6.2 + 1.4 


2.7 + 1.4 


0.09 


0.12 


71 


q''l0'"43 16' 


-64°53'13 82" 


3.41" 


4.1 + 1.0 


1.6 + 0.8 


0.01 


0.12 


72 


9''12'"46.84* 


-65°04'05 62" 


3.41" 


2.7 ± 0.7 


1.1 ± 0.9 


-0.62 


-0.51 


73 


9''13'"25 04* 


-64°54'44.82" 


3.29" 


3.7 + 0.9 


1.0 + 0.7 


-0.21 


0.45 


74 


Q/ii0m40 75.' 

^ J- IV/ • / -J 


-65°0r06 34" 

yj^ \J 1- \jyj.^~ 


3.35" 


3.4 +1.1 


0.5 + 0.8 


-0.48 


-1.00 


75 


q/!22'"25 96* 


_64°42' 14.74" 


3.32" 


4.4 ± 1.1 


1.2 + 0.8 


-0.32 


-0.34 


76 


Qh^2"'\-x 28* 


_64°44'30 85" 


3.22" 


3.3 + 0.8 


2.0 ± 0.9 


0.34 


0.45 


77 


9''12'"23.75'' 


-64°57'10 31" 


3.17" 


2.5 + 0.7 


0.9 + 0.7 


-0.38 


0.40 


78 


9*10'"01 72* 


_64°49'35 37" 


3.61" 


10.1 ± 2.2 


4.3 + 2.1 


-0.62 


0.76 


79 


9''13'"32 54* 


-65°0r54 65" 


3.23" 


4.1 ± 1.0 


3.7 ± 1.9 


-0.53 


0.49 


80 


9''13"'25.92* 


-64°4r54.45" 


3.14" 


6.4 + 1.6 


2.3 + 1.6 


-0.37 


0.19 


81 


9'' 10™ 26 40* 


-64°58'32 21" 

yj r ^ yj ^Au^^x. 


3.20" 


4.5 + 1.2 


1.4 + 1.1 


0.33 


-0.15 


82 


9''13™06 79* 


-64°46'17 01" 


3.30" 


3.6 + 0.9 


1.3 + 0.6 


0.18 


-0.03 


83 


9*10'"39 50* 


_64°51'40 97" 


3.17" 


4.1 ± 1.0 


1.9 + 1.0 


-0.06 


0.33 


84 


ah-i imio ojji 


_64°44'05 44" 


3.30" 


2.7 + 0.8 


0.5 + 0.6 


-1.00 


0.33 


85 


9* 12™ 13 60* 


-64°47'53 24" 


3.07" 


2.1 + 0.5 


1.2 + 0.6 


0.40 


0.28 


86 


9''12'"29.41* 


-64°45'58.43" 


3.21" 


4.1 ±0.8 


2.2 ± 0.9 


1.00 


0.38 


87 


9''13'"03.27* 


-64°43'57.14" 


3.30" 


5.1 ± 1.2 


2.6 + 1.2 


0.96 


0.24 


88 


9''11'"21.58' 


-64°56'55.59" 


3.13" 


2.9 + 0.7 


1.6 + 0.7 


0.67 


0.54 


89 


9*10™55.54* 


-65°02'46.31" 


3.32" 


6.2 ± 1.5 


2.4 ± 1.4 


0.21 


0.07 


90 


9''14'"02.85* 


-64°57'02.65" 


3.46" 


1.8 + 0.6 


1.6 ± 1.0 


-0.45 


-0.53 


91 


9''12™30.90* 


-64°54'28.17" 


3.35" 


1.1+0.3 


1.2 + 0.6 


0.97 


-0.12 


92 


9*09™56.63* 


-64°48'46.89" 


3.11" 


4.7+1.5 


0.4 + 1.0 


-0.94 


0.00 
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Table 3. NGC 4372 X-ray source properties. The columns contain the ID of the source, the position (RA2000 and Dec2ooo) with the error, the rate 
[x 10"^ count s '], the flux converted with ECFs in band 0.5-10 keV [x 10 erg cm"^ s '] and the hardness ratios (HR). The HR for two energy 
band SI and B2 are defined by HR = (B2 - B1)/(S1 + B2), HRl for 0.5-1.5 and 1.5-3 keV energy bands, HRl for 1.5-3 and 3-10 keV energy 
bands. 



ID 


RA2000 


Dec2ooo 


Error 


Rate 


Flux 


HRl 


HRl 


1 


12''25"33.82' 


-72°27'47.25" 


2.74" 


221.0 + 8.4 


74.8 + 9.5 


-0.75 


-0.72 


2 


12''25" 11.18' 


-72°27'03.41" 


2.74" 


250.6 ± 10.1 


113.0 ± 15.7 


-0.62 


-0.44 


3 


12''25'"38.57" 


-72°49'23.94" 


2.81" 


38.1 ±3.3 


10.5 ± 4.7 


-0.94 


-1.00 


4 


12''26'"24.22* 


-72°32'37.25" 


2.89" 


27.3 ± 3.2 


19.4 ± 6.0 


-0.05 


-0.37 


5 


j2*26'"47.98'' 


-72°42'15.92" 


3.02" 


15.8 + 2.3 


9.1 ±4.1 


-0.47 


-0.28 


6 


12''28'"01.38" 


-72°43' 15.82" 


2.92" 


19.4 + 2.5 


41.9 ±7.7 


-0.01 


0.17 


7 


12''28'"09.69* 


-72°31'41.34" 


3.03" 


26.3 ± 3.9 


60.1 ± 12.2 


0.19 


0.14 


8 


12''27"'56.17'' 


-72°41'04.30" 


3.03" 


13.4 + 2.2 


23.6 ± 6.2 


-0.03 


-0.07 


9 


I2''25"'27.76'' 


-72°26'52.07" 


3.69" 


21.8 + 5.5 


13.0 ± 11.1 


-0.10 


-0.55 


10 


12''27"'32.84'^ 


-72 '40' 13.53" 


3.32" 


5.1 + 1.3 


2.9 ± 2.6 


-0.73 


-1.00 



